Background: The administration of 3-4-methylenedioxymethamphetamine (MDMA) leads to learning and memory impairment. Objectives: Due to the effect of neurogenesis on memory and learning, in this study, we investigated the effects of MDMA on NeuN expression (a marker of neurogenesis) in the hippocampus.
Background
The use of 3,4-methylenedioxymethamphetamine (MDMA) as a recreational drug leads to alterations in serotonin, dopamine, and noradrenaline transmission and a decrease in the activity of their transporters in the brain (1, 2) . Our previously published study showed that MDMA neurotoxicity is characterized by spatial and avoidance learning memory impairment (3, 4) . Furthermore, MDMA can result in the degeneration of neurons in the hippocampus, striatum, and neocortex that are responsible in memory and learning (5) .
In the adult brain, neurogenesis and progenitor cell division only occur in the subventricular zone of the lateral ventricle and in the subgranular zone of the hippocampus dentate gyrus (DG) (6) . Neurogenesis includes distinct stages, such as cell proliferation, neuronal differentiation, and survival, that can be influenced by various environmental features. For example, morphine implantation decreases the proliferation of cells in the hippocampus DG (7) . In one study, buprenorphine used as an opiate analgesic decreased the number of proliferating cells (8) . In another study, the simultaneous abuse of alcohol and MDMA during pregnancy decreased doublecortin (DCX, a neuronal precursor landmark) expression (9) .
One of the most important genes in neurogenesis is NeuN (a neuronal nuclear antigen) that that is commonly used as a biomarker for neurons. NeuN is expressed in most neuronal cell types, including cerebellar Purkinje cells, olfactory bulb mitral cells, hippocampus pyramidal cells, and retinal photoreceptor cells (10).
Objectives
Since adult hippocampal neurogenesis plays an essential role in learning and memory and since MDMA causes memory impairment, we investigated the effects of MDMA on NeuN in the hippocampus. 
Methods
A total of 25 adult male Wistar rats (weighing 200 -250 g) were obtained from our animal house (Hamadan, Iran) and housed with controlled temperature (22 ± 2) and humidity (50 ± 5) on a 12-hour dark and light cycle with ad libitum access to water and food.All experimental protocols were approved by the ethics board of Hamadan University of Medical Sciences.
The animals were divided into control and MDMA groups. The control group (n = 5) was left undisrupted. The MDMA group (n = 20) received a single intraperitoneal injection of 10 mg/kg MDMA (11) . The rats were killed 7, 14, 28, and 60 days following MDMA administration.
Immunohistochemistry
We prepared the sections using our previously published protocol (12) . In brief, the rats were transcardially perfused with 4% paraformaldehyde, and their brains were dissected out. The hippocampi were sectioned into 5-µm coronal sections. After antigen retrieval in a sodium citrate buffer (10 mm sodium citrate, 0.05% Tween 20, pH: 6.0) and blocking in 10% normal serum with 1% BSA in TBS for two hours, the sections were incubated overnight with a rabbit anti-NeuN antibody (1:1000, Abcam, Cambridge, UK) at 4°C. Then, the sections were incubated with an HRPconjugated antirabbit secondary antibody (1:10000, Abcam, Cambridge, UK) for one hour. To visualize the antigen-antibody reaction, the slides were incubated with DAB (Abcam, Cambridge, UK) for 20 minutes.
Mounted sections were photographed with a digital camera attached to a light microscope. The number of the brown dark cells that expressed the NeuN was counted.
Data Analysis
Statistical analyses were performed with SPSS 20 software and a one-way ANOVA followed by a Tukey's multiple comparison tests. Data was expressed as mean ± SEM, and a value of P < 0.05 was considered to be statistically significant. Figure 1A -E show the coronal sections of the cells in the hippocampus. The brown dark cells express the NeuN. Our results showed a significant time-dependent reduction in NeuN expression in the hippocampus by MDMA (Figure 2 ) when compared with the control group (P < 0.01 for 14 and 28 days and P < 0.001 for 60 days). Additionally, there was a significant difference between the 7-and 60-day MDMA groups (P < 0.01).
Results

Discussion
The major finding of this study was that MDMA administration caused a decrease in NeuN expression in the hippocampus. In a study that was consistent with our results, Canales et al. showed that MDMA treatment produced a decrease in the Brdu+ cells in the adult DG (9) . Moreover, they found that DCX expression as a nerve cell marker was significantly reduced in the DG of subjects in an MDMA group in comparison to a control group.
Another study suggested that morphine affects the transition of neural progenitor/stem cells to immature neurons via a mechanism involving NeuroD1 (13). Many intrinsic factors, such as neurotropic factors, neurotransmitters, and steroids, have been reported to influence hippocampal neurogenesis (14) . In contrast to the enhancement of neurogenesis due to neurotropic factors, morphogenesis, physical activity, and learning (see the Lieberwirth et al. review), the activation of the inhibitory GABA neurotransmitter system downregulates cell proliferation and accelerates the synaptic integration of adult-generated hippocampal neurons (15) . On the contrary, serotonin upregulates hippocampal neurogenesis. Studies have shown the downregulation of hippocampus neurogenesis following the inhibition of serotonin synthesis and the lessening of the raphe nuclei (16) .
Taken together, MDMA may inhibit the serotonin system, may increase the GABA neurotransmitter, and might be implicated in the downregulation of NeuN as a biomarker for neurons in the hippocampus. Our results suggest a negative correlation between MDMA administration and adult hippocampal neurogenesis. and supported by a grant from Hamadan University of Medical Sciences (No. 9309114394).
